The mechanisms by which physical forces regulate endothelial cells to determine the complexities of vascular structure and function are enigmatic 1-5 . Studies of sensory neurons have suggested Piezo proteins as subunits of Ca 21 -permeable non-selective cationic channels for detection of noxious mechanical impact 6-8 . Here we show Piezo1 (Fam38a) channels as sensors of frictional force (shear stress) and determinants of vascular structure in both development and adult physiology. Global or endothelial-specific disruption of mouse Piezo1 profoundly disturbed the developing vasculature and was embryonic lethal within days of the heart beating. Haploinsufficiency was not lethal but endothelial abnormality was detected in mature vessels. The importance of Piezo1 channels as sensors of blood flow was shown by Piezo1 dependence of shear-stress-evoked ionic current and calcium influx in endothelial cells and the ability of exogenous Piezo1 to confer sensitivity to shear stress on otherwise resistant cells. Downstream of this calcium influx there was protease activation and spatial reorganization of endothelial cells to the polarity of the applied force. The data suggest that Piezo1 channels function as pivotal integrators in vascular biology.
The mechanisms by which physical forces regulate endothelial cells to determine the complexities of vascular structure and function are enigmatic [1] [2] [3] [4] [5] . Studies of sensory neurons have suggested Piezo proteins as subunits of Ca 21 -permeable non-selective cationic channels for detection of noxious mechanical impact [6] [7] [8] . Here we show Piezo1 (Fam38a) channels as sensors of frictional force (shear stress) and determinants of vascular structure in both development and adult physiology. Global or endothelial-specific disruption of mouse Piezo1 profoundly disturbed the developing vasculature and was embryonic lethal within days of the heart beating. Haploinsufficiency was not lethal but endothelial abnormality was detected in mature vessels. The importance of Piezo1 channels as sensors of blood flow was shown by Piezo1 dependence of shear-stress-evoked ionic current and calcium influx in endothelial cells and the ability of exogenous Piezo1 to confer sensitivity to shear stress on otherwise resistant cells. Downstream of this calcium influx there was protease activation and spatial reorganization of endothelial cells to the polarity of the applied force. The data suggest that Piezo1 channels function as pivotal integrators in vascular biology.
Messenger RNA encoding Piezo1 was readily detected in mouse aorta and a variety of human endothelial cells (Extended Data Fig. 1 ). To gain insight into its significance we first investigated cultured human umbilical vein endothelial cells (HUVECs). Depletion of Piezo1 by either of two short interfering RNAs (siRNAs) strongly suppressed migration of these cells towards vascular endothelial growth factor (VEGF) (Extended Data Fig. 2a-e ), a key stimulant of angiogenesis in vivo 9 . There was a similar inhibitory effect of a spider toxin blocker of Piezo1 channels, GsMTx4 (ref. 10) , and a non-specific small-molecule blocker, ruthenium red 6 (Extended Data Fig. 2f ). Consistent with a relationship to endothelial cell migration, HUVEC tube formations in vitro and in vivo were suppressed by Piezo1 depletion (Extended Data Fig. 2g-j) . We therefore generated mice with a disrupted endogenous Piezo1 gene (Extended Data Fig. 3a, b ). Piezo1 1/2 progeny appeared normal but Piezo1 2/2 was embryonic lethal ( Fig. 1a ). Of 49 Piezo1 2/2 embryos, the longest survival time was until embryonic day 16.5 (E16.5) and most reached only E9.5-11.5, which is a critical time for vascular development 9 . At E10.5, growth retardation was commonly observed (Extended Data Fig. 3c ). At E9.5, embryos were often normal in size but yolk sac vasculature was less prominent (Fig. 1b) . Although endothelial cells were present in yolk sacs of Piezo1 1/1 and Piezo1 2/2 embryos, the structures were different with greater disorganization and fewer defined large vessels in Piezo1 2/2 (Fig. 1c ). Similar observations were made at E10.5 (Fig. 1d) . The data suggest Piezo1 as a protein of critical importance in the control of vascular architecture and embryonic development.
Vascular phenotype in mice with global disruption of Piezo1 could arise indirectly because of a requirement for Piezo1 in non-endothelial cells. Therefore we generated endothelial-specific disruption of Piezo1 using Cre recombinase expressed under the Tie2 (also known as Tek) promoter (Extended Data Fig. 3d-f ). This disruption of Piezo1 also caused retardation of growth (Extended Data Fig. 3g ) and prevented development of normal yolk sac vasculature ( Fig. 1e , f) without stopping the heart beat (Supplementary Videos 1 and 2). The data suggest there is a requirement specifically for endothelial Piezo1.
We considered if a mechanical stimulus relevant to endothelial biology affects Piezo1 channels and speculated about shear stress, a frictional force arising from fluid flow. The force is sensed by endothelial cells to enable vascular development and maintain an efficient and healthy vasculature 2, 4, 5, 11, 12 . Earlier studies have revealed multiple participating proteins and suggested sensing via a Ca 21 -permeable non-selective cation channel [1] [2] [3] [13] [14] [15] [16] [17] [18] [19] , but the nature of the sensor itself and the molecular basis of the channel have remained controversial and elusive 1, 3 .
Piezo1 depletion and GsMTx4 treatment were found to suppress shearstress-evoked Ca 21 entry in HUVECs (Extended Data Fig. 4a-f ). Hepatic endothelial cells from patients undergoing surgical liver resection were also investigated and had a similar dependency on Piezo1 (Extended Data Fig. 4g ). Moreover, Piezo1 2/2 embryonic endothelial cells had less shear-stress-evoked Ca 21 entry ( Fig. 2a and Extended Data Fig. 4h , i). Furthermore, ionic current reversibly induced by shear stress had a currentvoltage relationship (I-V) that was linear and which reversed near 0 mV, as expected for Piezo1 channels 6 , and Piezo1 depletion suppressed the current ( Fig. 2b-d ). In cell-attached membrane patches, negative pressure used to deliver physical force evoked unitary single channel events within less than 1 s. The unitary conductance of these channels was 25.2 6 1.7 pS, consistent with Piezo1 channels 6 , and Piezo1 depletion depleted the channels (Extended Data Fig. 5 ). The data suggest the importance of Piezo1 channels in shear-stress sensing and the associated Ca 21 entry of endothelial cells.
To investigate if Piezo1 is sufficient for detecting shear stress, we took advantage of human embryonic kidney (HEK) 293 cells which lack endogenous Piezo1 channels 6 . These cells had little or no shear stress response unless exogenous wild-type (WT) human Piezo1 was expressed ( Fig. 2e) . A natural Piezo1 mutant M2225R 20 which exhibits a slower response to stretch in cell-attached patches 21 poorly reconstituted shear-stressevoked Ca 21 entry (Fig. 2f ). The data suggest that Piezo1 is sufficient to confer shear-stress-evoked Ca 21 entry.
To shed light on the functional significance of shear-stress-activated Piezo1 channels, we first tracked the subcellular localization of Piezo1 tagged with green fluorescent protein (GFP). In static conditions it was broadly distributed but in response to shear stress there was accumulation at the leading apical lamellipodia (Extended Data Fig. 6a, b ). Such apical processes 22 are characteristic of early-stage alignment of endothelial cells in the direction of shear stress, a process occurring physiologically in blood vessels 2, 23 . We therefore measured the alignment of HUVECs in the direction of shear stress and found it to be suppressed by Piezo1 depletion or GsMTx4 treatment (Extended Data Fig. 6c-e ). Endothelial cells isolated from Piezo1 2/2 embryos also showed less alignment ( Fig. 3a, b ). To investigate alignment in the adult animal we took advantage of haploinsufficiency in Piezo1 1/2 mice ( Fig. 3c ). Imaging of CD31positive cells in arteries of these mice at 6-8 weeks revealed a striking difference in the organization of the endothelial cells: a directionless as embryos with Piezo1 1/1 , Piezo1 1/2 or Piezo1 2/2 genotypes. b, Images of sibling yolk sacs (containing embryos) and embryos at E9.5. Scale bar, 1 mm. c, d, Images of dissected Piezo1 1/1 and Piezo1 2/2 yolk sacs stained for CD31. c, E9.5 embryos. Typical of n 5 11 (Piezo1 1/1 ) and n 5 8 (Piezo1 2/2 ). d, E10.5 embryos. Typical of n 5 9 (Piezo1 1/1 ) and n 5 11 (Piezo1 2/2 ). e, f, As for c, d except wild-type (EC-WT) and endothelial-specific Piezo1-modified (EC-del) embryos. EC-del was endothelial cell (EC)-specific deletion (del) of part of the Piezo1 gene using Cre recombinase expressed under the Tie2 promoter. e, E9.5 embryos. Typical of n 5 6 (EC-WT) and n 5 9 (EC-del). f, E10.5 embryos. Typical of n 5 5 (EC-WT) and n 5 11 (EC-del.). Scale bars, 100 mm. 
RESEARCH LETTER
cobblestone-like appearance in Piezo1 1/2 and linear appearance in the direction of flow in Piezo1 1/1 litter-mate controls ( Fig. 3d, e ). The data suggest Piezo1 channels as shear-stress sensors that promote endothelial cell organization and alignment in the direction of flow. We next sought insight into the downstream mechanisms taking into account that Piezo1 channel activity was stimulated by shear stress but also important for endothelial cell migration in the absence of shear stress. In nine membrane-patch recordings we had observed occasional 25-pS channel openings in the absence of mechanical strain, consistent with low-frequency Piezo1 channel activity without exogenous force. Therefore unbiased insight into downstream pathways was sought through titanium dioxide-trapping coupled with mass spectrometry to identify regulated proteins affected by Piezo1 depletion in static and shear-stress conditions. Linked to Piezo1 under both conditions was endothelial nitric oxide synthase (eNOS, also known as NOS3) ( Supplementary Table 1 ), a protein with important roles in vascular biology 24 . Follow-up experiments confirmed a reduction in total eNOS protein, but more strikingly revealed abolition of VEGF-evoked phosphorylation of eNOS at serine 1177, a key enhancer of eNOS activity 24 , in static HUVECs depleted of Piezo1 and Piezo1 1/2 aorta in the absence of flow (Extended Data Fig. 7a-e ). Consistent with functional relevance of coupling to eNOS, endothelial cell migration was similarly suppressed by Piezo1 depletion, eNOS depletion and NOS inhibition (Extended Data Figs 2e and 7f, g). The data suggest that in the absence of shear stress, Piezo1 activity drives endothelial cell migration through eNOS (Extended Data Fig. 7h ).
Nitric oxide and eNOS played no role in endothelial cell alignment to shear stress (Extended Data Fig. 8a ), but an in silico pathway analysis of proteomic data from endothelial cells under shear stress highlighted clusters of proteins from actin cytoskeleton (14 proteins, P 5 0.018) and focal adhesions (16 proteins, P 5 0.002). Relevance of these proteins was also indicated by denser actin structures in Piezo1-depleted cells (Extended Data Fig. 6c ) and accumulation of Piezo1-GFP at the leading apical lamellipodia (Extended Data Fig. 6a , b) where focal adhesion turnover becomes important as the endothelial cell adjusts to achieve alignment 22 . Moreover, detailed inspection of HUVEC and embryo proteomic data showed significant effects on calpain-2 and many of its known substrates (Extended Data Fig. 8b and Supplementary Table 2 ) which are important in the structure of the actin cytoskeleton and focal adhesions 25 . We therefore speculated that a calpain-2 system is co-regulated with Piezo1 because this system is integrated as a downstream mechanism of Piezo1. The hypothesis is consistent with calpain-2 as a Ca 21 -activated proteolytic enzyme, previous association of calpain with Piezo1 26 and suggested roles of calpains in focal adhesion turnover 25 and endothelial cell alignment to shear stress 27 . Moreover, disruption of a critical regulatory protein of calpain-2 (calpain small subunit 1) disturbs vascular development in the yolk sac at E10.5 (ref. 28) . Consistent with this calpain 
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hypothesis, calpain activity was significantly less in Piezo1 2/2 compared with Piezo1 1/1 embryos ( Fig. 4a ), the increase in calpain activity in response to shear stress was abolished by GsMTx4 treatment (Fig. 4b) , and Piezo1-GFP localized to dissolving focal adhesions at the trailing edge of the cell as shear stress was applied (Extended Data Fig. 8c ). The importance of Piezo1-mediated Ca 21 -entry and downstream Ca 21activation of calpain-2 was further indicated by the sensitivity of alignment to the absence of extracellular Ca 21 and presence of calpain inhibitors ( Fig. 4c ). Inhibitors of two other Ca 21 -activated proteins, calcineurin and Ca 21 /calmodulin-dependent protein kinase II (CaMKII), had no effect (Fig. 4c ). The data suggest importance of calpain activation in coupling shear-stress-enhanced Ca 21 entry through Piezo1 channels to endothelial cell organization and alignment via proteolytic cleavage of actin cytoskeletal and focal adhesion proteins ( Fig. 4d ). Our findings have important implications for understanding vascular physiology and potentially also prevalent disease processes such as atherosclerosis and cancer in which profound alterations in shear stress and other mechanical forces are common 2, 12, 29, 30 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
METHODS
Piezo1-modified mice. All animal use was authorized by both the University of Leeds Animal Ethics Committee and by The Home Office, UK. Project licenses used in this work were 40/3557 and 40/2946. All animals were maintained in Optimice individually ventilated cages (Animal Care Systems) at 21uC 50-70% humidity, light/ dark cycle 12 h/12 h on RM1 diet (Special Diet Services, Witham, UK) ad libitum and bedding of Pure'o Cell (Datesand, Manchester, UK) with enrichment of Sizzlenest (International Product Supplies, London, UK). Piezo1 Knockout First (with conditional potential) embryonic stem cells (Piezo tm1(KOMPWtsi, clone ID EPD0500_5_F12) ) were obtained from the KOMP Repository (http://www.komp.org) and injected into C57BL/6J blastocysts. The injected blastocysts were transplanted into pseudopregnant CD-1 recipient females. Chimaeric offspring were crossed to C57BL/6J mice to obtain germline transmission. Offspring were a minimum of N 3 on a C57BL/6J background before being intercrossed to generate Piezo1 homozygotes. To generate endothelial-specific disruption of Piezo1 we first crossed mice carrying global disruption of Piezo1 with mice expressing FLP1 recombinase (B6.SJL-Tg(ACTFLPe) 9205Dym/J mice from the Jackson Laboratory) to delete the lacZ insertion flanked by FRT sites (Extended Data Fig. 3a ). Deletion of lacZ was confirmed (Extended Data Fig. 3d ) and FLP1 recombinase gene was bred out. The mice were crossed with mice expressing Cre recombinase under the Tie2 (Tek) promoter (B6.Cg-Tg(Tek-cre)12Flv/J from the Jackson Laboratory). Males carrying Tie2-Cre were used to transmit Tie2-Cre to progeny and obtain endothelial deletion in embryos. Successful Cre-driven deletion and depletion of Piezo1 mRNA was confirmed by PCR (Extended Data Fig. 3e , f). Genotyping and tissue isolation. Germline transmission and all genotyping were determined by PCR analysis of DNA in ear-notches (see Extended Data Fig. 3 for example data and Supplementary Table 3 for primer sequences). Embryos and yolk sacs were harvested from timed pregnancies at the indicated day post-coitus; embryonic (E) day 0.5 was the time when a vaginal plug was observed. Thoracic aorta was obtained from 6-8-week-old male mice after killing by CO 2 asphyxiation and cervical dislocation in accordance with Schedule 1 Code of Practice, UK Animals Scientific Procedures Act 1986. Ultrasound. Mice were anaesthetized with isoflurane and each embryo was observed using a Vevo 2100 Imaging System (VisualSonics). The anatomical position of each embryo was recorded. After euthanasia by Schedule 1 procedure, embryos were dissected and genotyped. Mouse embryonic endothelial cells. E9.5 embryos were individually transferred to an eppendorf tube containing 1 ml of a solution containing collagenase (1.5 mg ml 21 ) and DNase (25 mg ml 21 ) in Hanks balanced salt solution and incubated at 37uC for 60 min with occasional gentle agitation by pipetting. The obtained cell suspension was pelleted by centrifugation for 3-5 min at 3,000 r.p.m. and the cell pellet washed with 1 ml PBS. Cells were seeded in Ibidi slides with EGM-2 medium containing 5% serum and used for experiments after 24 h. Cells staining positively for CD31 ( Fig. 3a ) or responding to VEGF (Extended Data Fig. 4h , i) were classed as endothelial cells and used for analysis. Fresh mouse artery and cultured mouse lung microvascular endothelial cells. Thoracic aorta was obtained from 6-8-week-old male C57BL/6J mice after killing by CO 2 asphyxiation and cervical dislocation in accordance with Schedule 1 Code of Practice, UK Animals Scientific Procedures Act 1986. The mice were also used for endothelial cell isolation from lungs by immunoselection with CD146 antibodycoated magnetic beads (Miltenyi Biotech, UK). Lungs were harvested in ice-cold Hanks' balanced salt solution (HBSS), finely minced, and digested in HBSS containing 0.18 units per ml collagenase (10 mg ml 21 ; Worthington, USA) for 45 min at 37 uC. The digested tissue was filtered through a 70-mm cell strainer and centrifuged at 1,000 r.p.m. for 10 min. The cell pellet was washed with PBS/0.05% BSA, centrifuged, resuspended in 90 ml PBS/0.05% BSA, and incubated with 15 ml CD146 antibody-coated beads at 4uC for 20 min. Bead-bound cells were separated from non-bead-bound cells using a magnet. Bead-bound cells (CD146 positive) were resuspended in 2 ml Endothelial Cell Medium MV2 (PromoCell), with the manufacturer's supplement, gentamicin, amphotericin-B, and 10% FCS, and seeded onto fibronectin coated plates with a full media change at 2 and 24 h post-isolation. The cell population tested positive for the endothelial markers eNOS, Tie2 and CD102. Human endothelial cells. Human umbilical vein endothelial cells (HUVECs) were validated by positive staining with anti-CD31 antibody, VEGF responsiveness and alignment to shear stress. Human nucleotide sequences were detected in the cells, confirming their human origin. No mycoplasma infection was detected. The HUVECs were cultured in EGM-2 growth medium supplemented with EGM-2 bullet kit (Lonza). Cells were maintained at 37uC in a humidified atmosphere containing 5% CO 2 . For human liver endothelial cells, participants undergoing liver resection for colorectal metastases at St James's University Hospital, Leeds Teaching Hospitals NHS Trust, provided fully-informed written consent. The work was carried out under approval granted by the local ethics committee (Ref 10/H1306/82) and the study was adopted into the United Kingdom Clinical Research Network portfolio (ID 9442).
Tissue was collected immediately following resection. A section of normal liver tissue was immediately taken from a macroscopically normal area of the surgical specimen, . 2.5 cm from any tumours, and with subsequent microscopic confirmation. The samples were stored and transported in cold EGM-2 growth medium supplemented with EGM-2 bullet kit (Lonza) on ice. Endothelial cells were prepared using a protocol adopted from a previous study 31 . Briefly, 1 g of tissue was weighed and minced in a Petri dish. The tissue was resuspended in 9 ml 0.1% collagenase and 1 ml 2.5 U per ml dispase solution and incubated for 45 min at 37uC in a water bath under continuous agitation. At the end of enzymatic digestion the sample was passed through 100-mm then 40-mm cell strainers to remove major debris and then washed twice in MACS buffer consisting of phosphate-buffered saline (PBS), EDTA 2 mM, and 0.1%. serum. The pellet was resuspended in 20 ml of red blood cell lysis buffer (TRIS base 17 mM, NH 4 Cl 140 mM) for 10 min at room temperature. Following a final wash in MACS buffer the cells were incubated with 100 ml of dead cell removal paramagnetic microbeads per 1 3 10 7 cells (Miltenyi Biotec) in buffer at room temperature for 15 min. The suspension was then passed through a MACS cell separation column in a magnetic field to retain apoptotic cells, dead cells and debris. The live cell fraction was eluted and incubated with 20 ml FcR blocking reagent and 20 ml anti-CD31-conjugated paramagnetic microbeads per 1 3 10 7 cells at 4uC for 15 min. This suspension was then passed through a column in a magnetic field and the unbound cells eluted with buffer. Once removed from the magnetic field, the column was washed with buffer to elute CD31-positive cells. The approach was validated by flow cytometry and immunostaining. Cells were incubated at 37uC in 5% CO 2 and used up to passage 3.
Human dermal (juvenile foreskin), bladder, cardiac, colonic, and pulmonary microvascular and pulmonary artery and umbilical artery endothelial cells were from PromoCell. Cells were maintained at 37uC in a humidified atmosphere containing 5% CO 2 . For late outgrowth endothelial progenitor cells (LEPCs) venous blood samples were drawn from healthy volunteers into EDTA-coated tubes and processed immediately. Ethical approval and consent were obtained. Blood was mixed with an equal volume of PBS and layered onto Ficoll Paque PLUS (GE Healthcare) before density gradient centrifugation. Peripheral blood mononuclear cells were aspirated from the buffy layer and washed twice with PBS. Mononuclear cells (5 3 10 6 per ml) were then suspended in EGM-2 growth medium supplemented with EGM-2 bullet kit (Lonza) with 10% fetal calf serum (FCS) and 2 ml of cell suspension was added to a fibronectin-coated 6-well plate (Becton Dickinson). The cells were incubated at 37uC in 5% CO 2 and culture medium was changed every day for the first week, then on alternate days. After 2-3 weeks, colonies of LEPCs were observed; on day 28, cells were detached using trypsin/EDTA 0.025% solution (Gibco BRL) and placed into large fibronectin coated vessels. The cells exhibited contact inhibition and were capable of serial passage. Flow cytometry revealed that 89% of cells coexpressed vascular endothelial growth factor (VEGF) receptor-2 and CD31. Cell migration and tube formation assays. Migration assays were performed using a modified Boyden chamber (8-mm pores; BD Biosciences, UK). HUVECs transfected with siRNA were serum-starved in EGM-2 for 4 h, resuspended at 5 3 10 4 cells per ml in EGM-2 containing 0.4% FCS and loaded in the upper chamber. The lower chamber contained 0.4% FCS supplemented with the chemoattractant 20 ng ml 21 VEGF (Sigma). After incubation for 4 h at 37uC in a 5% CO 2 incubator, the inserts were fixed with 70% ethanol for 2 min. Cells on duplicate membranes were scraped from the upper surface and migrating cells underneath were stained with haematoxylin and eosin and evaluated by counting cells in 6 randomly chosen fields under light microscopy. For fibroblast-endothelial cell co-culture tube-formation assays, normal human dermal fibroblasts (NHDFs) were plated at 2 3 10 3 cells per well with fibroblast growth medium (FGM) in 96-well plates (Greiner bio-one) and incubated at 37uC in 5% CO 2 . The medium was removed from NHDFs on day 4 and transfected HUVECs were loaded on top at 5.4 3 10 4 cells per well in endothelial cell growth medium supplemented with 2% serum and 3 ng ml 21 VEGF. Cocultures were incubated for a further 7 days at 37uC in 5% CO 2 . Tubes were analysed following fixing and staining of endothelial cells with anti-CD31 antibody. Quantification of tube formation was conducted by using IncuCyte angiogenesis v2.0 image analysis (Essen Bioscience). For in vivo tube-formation studies, ice-cold Matrigel (0.5 ml per plug; BD Biosciences) was mixed with VEGF (100 ng ml 21 ), EGM-2 and 5 3 10 5 HUVECs transfected with P1.si.1 or sc.si and then subcutaneously injected into the flanks of 6-8-week-old male immunodeficient CD1 nude mice (Charles River Labs, Boston, MA). After 7 days, mice were anaesthetized and Matrigel plugs were carefully dissected away from the surrounding adherent tissue, washed with PBS and fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, and stained with haematoxylin and eosin. Digital images were obtained by bright-field light microscopy. Blood vessels in the plug were quantified by ImageJ software (NIH). All animal experiments were performed in accordance with ethical approval under a UK Home Office licence. DNA constructs and transfection. Human Piezo1 IRES GFP (from J Wood) was used as a PCR template to create Piezo1-GFP using inverse primers (forward: LETTER RESEARCH 59GAGGGTGGAGGTGGAACAACCATGGTGAGCAAGGGCGCC; reverse: 59TC CACCTCCACCCTCCTTCTCACGAGTCCAC) and pHUSION (NEB, Herts, UK) to delete the IRES cDNA and insert a linker of four glycine residues. The PCR product was recombined using Clontech In-Fusion HD cloning kit (Takara Bio Europe, France). A Kozak sequence was inserted into the Piezo-GFP 59 region using mutagenic primers (forward: 59TCCCACCATGGAGCCGCACGTGCT; reverse 59AG CACGTGCGGCTCCATGGTGGGA) and pHUSION. M2225R Piezo1-GFP mutagenesis was performed using mutagenic primers (M2225R Forward: ATGAGCC GCTGTTCACCAGGAGCGCCC; M2225R Reverse: GGGCGCTCCTGGTGAA CAGCGGCTCAT) and pHUSION. All clones were sequenced to confirm accuracy and identity. HUVECs and HEK 293 cells (GripTite 293 cells) were transfected with FuGENE HD (Promega) using 1 and 0.3 mg of plasmid and measurements were made after 48 and 72 h respectively. RNA interference and RT-PCR. Endothelial cells at 90% confluence were transfected with 20 nM siRNA using Lipofectamine 2000 in OptiMEM as per the manufacturer's instructions (Invitrogen). Sequences of siRNA probes are given in Supplementary  Table 3 . The control siRNA was from Ambion or Dharmacon depending on the source of the test siRNA (Extended Data Fig. 2a ). Fresh EGM-2 growth medium was added after 3-4 h and the cells were analysed 48 h after transfection. To validate effectiveness of siRNA probes, mRNA was isolated and quantified by realtime RT-PCR. Total RNA was extracted using a Tri-reagent protocol followed by DNase I (Ambion) treatment. 1 mg of total RNA was used for reverse transcription (RT) based on oligo-dT primers and AMV RT enzyme. The specificity of PCR was verified by reactions without RT (2RT) and melt-curve analysis. Sequences of PCR primers are given in Supplementary Table 3 . PCR products were electrophoresed on 2% agarose gels containing ethidium bromide and sequenced to confirm identity. Real-time PCR was carried out using a Lightcycler (Roche). For RNA isolation from cerebral arteries, vessels were dissected from the brain and surrounding connective tissue, snap frozen and RNA extracted as indicated above. Proteomics. Cells were processed 2 days after transfection or embryos were snapfrozen after dissection from the animal. Samples for label-free phosphoproteomic analysis were processed by modified Filter-Aided Sample Preparation (FASP) method 32 . Briefly, 1.3 mg protein lysate for each sample was diluted in 8 M urea, 20 mM DTT in 100 mM Tris/HCL pH 8.5 (FASP1 buffer) and concentrated using Vivacon 500, 30k MWCO HY filter vials (Sartorius Stedim Biotech, VN01H22). After several exchanges in the FASP1 buffer, samples were diluted in 100 mM Tris/HCl pH 8.5 and reduced by 50 mM iodoacetamide. Excess iodoacetamide was removed by centrifugation and after buffer exchange into 100 mM triethyl ammonium bicarbonate, trypsin digest was performed overnight followed by second digestion for 5 h. Resulting peptide mixture was washed with 0.5 M NaCl, acidified with 10% TFA and desalted 33 . Phosphopeptides in the mixture were enriched by incubation with TiO 2 beads equilibrated in 1 M glycolic acid, 80% ACN, 5% TFA, washed and eluted by 0.5% NH 4 OH. Acidified eluates were dried under vacuum and resuspended in 1% FA. Peptides were separated using an Ultimate 3000 RSLC (Thermo Scientific) nanoflow LC system. Triplicates of each sample were loaded onto an Acclaim PepMap100 nanoViper C18 trap column (100-mm inner-diameter, 2 cm; Thermo Scientific) for trap enrichment, then peptides were eluted onto an Acclaim PepMap RSLC nanoViper, C18 column (75-mm, 15 cm; ThermoScientific) and subjected to a 65 min linear gradient of 2-40% solvent B (80% acetonitrile with 0.08% formic acid) with a constant flow of 300 nl min 21 . The HPLC system was coupled to a linear ion trap Orbitrap hybrid mass spectrometer (LTQ-Orbitrap Velos, Thermo Scientific) via a nanoelectrospray ion source (Thermo Scientific), with the spray voltage set to 1.2 kV, and the temperature of the heated capillary at 250uC. Spectra acquisition was performed essentially as described previously 34 using the Xcalibur software (Thermo Scientific).
Label-free quantification of the acquired spectra was performed by the Progenesis LC-MS software, which uses wavelet-based filtering to smooth the peak envelopes and screen noisy areas and transforms the profile data of the MS scans to peak lists comprising m/z (mass-to-charge ratio) and abundance. One sample run was selected as a reference and the automatic Alignment Algorithm was applied to enable alignment of all the LC-MS runs to the reference run. Features with only one charge or more than seven charges were excluded from further analyses, while all remaining features were used for normalization. The database search was performed with MASCOT (version 2.3.2, Matrix Science, London, UK), using trypsin as the enzyme and allowing for cleavage N-terminal to proline residues and between aspartic acid and proline residues. Any peptides with conflicting assignments were resolved, either by assignment to one of identical proteins or by assignment to proteins with the largest number of peptides already present, following Occam's Razor principle. For protein quantification, all peptides of an identified protein were included and the total cumulative abundance was calculated by summing the abundance of all peptides allocated to the respective protein. Calculation of the protein P value by one-way ANOVA was then performed on the sum of the normalized abundance across all runs. In silico pathway analysis was performed by the Database for Annotation, Visualization and Integrated Discovery 35 (http://david. abcc.ncifcrf.gov/). Western blotting. Cells were transfected and harvested in lysis buffer containing 10 mM Tris, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, MiniComplete protease inhibitors (Roche), and PhosSTOP phosphatase inhibitors (Roche). Equal protein amounts were loaded on 8% gels and resolved by electrophoresis. Samples were transferred to PVDF membranes and labelled overnight with primary antibody: anti-b-actin (0.2 mg ml 21 , Santa Cruz); anti-total-eNOS (0.2 mg ml 21 , BD Biosciences); anti-p(S1177)-eNOS (0.2 mg ml 21 , BD Biosciences); or anti-Piezo1 (0.3 mg ml 21 , Proteintech). Horse radish peroxidase-conjugated donkey anti-mouse or anti-rabbit secondary antibody (Jackson ImmunoResearch) and SuperSignal Femto detection reagent (Perbio Science) were used for visualization. Densities of protein bands were quantified by ImageJ software. Catalogue information for antibodies: anti-bactin (0.2 mg ml 21 , Clone C4, sc-47778; Santa Cruz); anti-total-eNOS (0.2 mg ml 21 , Clone 3/eNOS/NOS Type III, Cat. #610297; BD Biosciences); anti-p(S1177)-eNOS (0.2 mg ml 21 , Cat. #612392; BD Biosciences); or anti-Piezo1 (0.3 mg ml 21 , Proteintech). Immunofluorescence and live-cell imaging. Cells were fixed with 2% paraformaldehyde for 10 min and permeabilized with 0.1% Triton X-100 for 10 min at room temperature. Non-specific sites were blocked using 10% donkey serum in PBS for 1 h at room temperature. Cells were then incubated in 2% donkey serum in PBS containing mouse anti-human CD31/PECAM-1 (Dako, clone JC70A) at 1:500 dilution for 1 h at room temperature. After washing with PBS, cells were incubated with DyLight 649-conjugated Affinipure Donkey anti Mouse IgG (Jackson Immuno Research Laboratories) for 30 min at room temperature. Cells were mounted with Prolong Gold Antifade Reagent (Invitrogen) and visualized using a DeltaVision deconvolution system (Applied Precision Instruments, Seattle, WA) on an Olympus IX-70 inverted microscope fitted with 360 UPLAN objective (NA 1.35). For F-actin staining, cells were incubated with 1:250 rhodamine phalloidin (Cytoskeleton Inc.) for 30 min at room temperature. Cell nuclei were labelled with DAPI (49,6-diamidino-2-phenylindole) with the excitation wavelength of 350 nm. Piezo1-GFP was observed at the excitation wavelength of 488 nm. For tracking Piezo1-GFP in live HUVECs, cells were seeded in an Ibidi m-Slide VI 0.4 and imaged 2 days after transfection using the DeltaVision deconvolution system and an excitation wavelength of 488 nm. Images were sampled every 15 s for 10 min before 15 dyn per cm 2 was applied and imaging continued for 50 min. To quantify the GFP fluorescence, its intensity in multiple squares (5 or 9 mm 2 depending on the shape of the apex) was measured using ImageJ software for each region of the cell indicated in Extended Data Fig. 6a . The number of squares for each region was between 3 and 5 and the average intensity for all squares in each region was used. Yolk sacs and mouse cerebral arteries were dissected in cold PBS and fixed in 4% paraformaldehyde overnight at 4uC or 1 h at room temperature and permeabilized with 0.1-0.3% Triton X-100 for 1 h, blocked in 2% BSA and 0.1% Triton X-100 for 2 h at room temperature, followed by labelling with anti-CD31/PECAM-1 antibody (ab28364 Abcam) overnight at 4uC. Yolk sacs or cerebral arteries were then incubated with DyLight 488-conjugated Affinipure Donkey anti rabbit IgG for 1 h at room temperature and mounted with Prolong Gold Antifade Reagent. Images were captured using a confocal microscope (Zeiss LSM 700). Electrophysiology. Borosilicate glass capillaries with an outside diameter of 1 mm and an inside diameter of 0.58 mm (Harvard Apparatus, Holliston, MA, USA) were used as the basis for patch pipettes. Pipettes were pulled using a PP-830 vertical 2-stage pipette-puller (Narishige, Tokyo, Japan). Pipette resistances after fire-polishing and filling with pipette solution were 3-5 MV. Pipettes were mounted on a CV-4 headstage (Molecular Devices, Sunnyvale, CA, USA) connected to a 3-way coarse manipulator and micromanipulator (Mitutoyo, Japan). The electrode was a Ag/AgCl wire. Electrical signals were amplified and recorded using an Axopatch 1D amplifier and pCLAMP 10 software (Molecular Devices). Data were filtered at 1 kHz and sampled digitally at 3 kHz via a Digidata 1322A analogue to digital converter (Molecular Devices). Analysis was performed off-line using Clampfit 10.2 (Molecular Devices) and Origin 7.5 software (OriginLab, Northampton, MA). Recordings were made at room temperature. Recordings in cell-attached patch mode used a bath solution containing (mM): 140 KCl, 10 D-glucose, 10 HEPES, 1 MgCl 2 , titrated to pH 7.4 with KOH. The patch pipette solution contained (mM): 130 NaCl, 5 KCl, 10 TEA (tetraethylammonium) Cl, 8 D-glucose, 10 HEPES, 1.2 MgCl 2 , 1.5 CaCl 2 , titrated to pH 7.4 with NaOH. Negative pressure was applied to the inside of the patch pipette via a valve and syringe coupled to a calibrated pressure transducer. For whole-cell recording the patch pipette solution contained (mM): 95 Na-aspartate, 40 CsCl, 10 HEPES, 1 MgCl 2 , 1 CaCl 2 , 5 EGTA, 10 TEACl, titrated to pH 7.2 with CsOH; the bath solution contained (mM): 130 NaCl, 5 KCl, 8 D-glucose, 10 HEPES, 1.2 MgCl 2 , 1.5 CaCl 2 , titrated to pH 7.4 with NaOH. Correction was made for a calculated 29 mV liquid-liquid junction potential. The Cl 2 equilibrium potential was at 224 mV. The superfusion pipette had a diameter of ,350 mm. Intracellular Ca 21 measurement. Cells were incubated with fura-2AM for 1 h at 37uC followed by a 0.5 h wash at room temperature (21 6 2uC) on Ibidi m-Slide VI 0.4 .
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Measurements were made at room temperature on a Zeiss Axiovert fluorescent microscope equipped with 320 (NA 0.75) or 340 (NA 1.3, oil) Fluar objective and excitation light from a xenon lamp selected by a monochromator (Till photonics, Germany). Emitted light was collected via an emission filter and images captured by an Orca-ER digital camera (Hamamatsu, Japan). The extracellular (superfusion) recording solution contained (mM): 130 NaCl, 5 KCl, 8 D-glucose, 10 HEPES, 1.2 MgCl 2 , 1.5 CaCl 2 , titrated to pH 7.4 with NaOH. For Extended Data Fig. 4a , b, 2 ng ml 21 VEGF was included. The change (D) in intracellular calcium (Ca 21 ) concentration above baseline is shown by the ratio of fura-2 fluorescence (F) emission intensities for 340 and 380 nm excitation (DF ratio). For statistical comparisons, the total DF ratio above baseline was calculated for each shear stress and divided by the time period over which the DF ratio was measured (DF ratio per s). Calpain activity. The assay detected cleavage of calpain substrate Ac-LLY-AFC (Abcam). Cells were counted, pelleted by centrifugation, and resuspended in 100 ml of extraction buffer and incubated on ice for 20 min. Gentle mixing was achieved by tapping several times during the incubation. Centrifugaton was applied for 1 min in a microcentrifuge (10,000g) and the cell lysate was diluted in 85 ml of extraction buffer and transferred to wells in a 96-well plate. Embryos were homogenized before dilution in extraction buffer. All inputs were standardized according to total protein content. 10 mL of 103 reaction buffer and 5 ml of calpain substrate were added to each assay well. Incubation occurred at 37uC for 1 h in the dark, after which measurements were made on a plate-reader equipped with a 400 nm excitation filter and 505 nm emission filter. Absorbance values in arbitrary units are presented after subtraction of background. Shear stress. Shear stress was achieved in microfluidic chambers (http://ibidi.com/) or on an orbital shaker (210 r.p.m.) that generated swirling motion of medium around the edges of the wells producing tangential shear stress, which results in cell elongation and alignment along the edges 36 . Shear stress is specified in dyn per cm 2 , where 1 dyn per cm 2 is 0.1 Pa or 0.1 N per m 2 . For the orbital shaker experiments, cells 2 days after transfection were replated at 70% confluency onto 6-well plates. After 4 h, cells were subjected to shear stress for up to 60 h. In experiments of Fig. 4c where extracellular Ca 21 and ruthenium red were from Sigma-Aldrich. The solvent for each stock solution was dimethylsulphoxide except in the cases of GsMTx4, ruthenium red and L-NMMA when it was water. Inhibitors were pre-incubated with cells for 1 h before stimulating cell activity.
Cell orientation analysis. Using ImageJ software, images were rotated to the direction of applied shear stress or blood flow. For analysis of intact arteries, images were analysed only within the outer arterial wall. Images were processed using a Difference of Gaussian plugin to define cell edges (http://www.sussex.ac.uk/gdsc/intranet/ microscopy/imagej/utility). Automated quantification of cell orientation relative to the direction of shear stress was determined using OrientationJ software, also an ImageJ plugin 37 (http://bigwww.epfl.ch/demo/orientation/). OrientationJ produced a histogram of all local angles in each image. A Gaussian distribution curve was fitted to each arising histogram. The baseline-subtracted frequency maximum at the mode of the distribution was determined. Statistical analysis. All averaged data are presented as mean 6 s.e.m. Data were produced in pairs (test and control) and the raw data pairs were compared statistically using a one-tailed t-test for the hypothesis that the test condition decreased the response and a two-tailed t-test for the hypothesis that the response changed in either direction (that is, decrease or increase). Normal distribution of data was assumed but equal variance was not. For one data set we used one-way ANOVA followed by Tukey posthoc test (Extended Data Fig. 4d ). In all cases, statistically significant difference is indicated by *P , 0.05 and no significant difference is indicated by NS (P . 0.05). Statistical tests were performed using OriginPro 8.6 software. Analysis of proteomic data was an exception where ANOVA was used as indicated in the specific section for this work. The letter n is used to denote the number of independent biological experiments and does not denote replicates within one such experiment (the number of replicates was always $ 2). Randomization of samples was not applied. Blinding was applied to Ca 21 measurement and cell alignment studies of embryonic endothelial cells and patch-clamp studies of HUVECs after transfection with siRNA. The Source Data file contains the raw data underlying graphical presentations.
Extended Data Figure 3 | Global and endothelial-specific Piezo1
modification and embryonic growth retardation in mice. a, Simplified diagram of the Piezo1 Knockout First (conditional) construct provided in ES cells by the KOMP Repository (http://www.komp.org). Piezo1 is indicated containing the insertion of lacZ sequence flanked by flippase recognition target (FRT) sites and downstream loxP sites. Further details of the construct can be obtained at (http://www.komp.org). b, c, Global modification. b, Example genotyping results with lacZ or loxP-spanning PCR primers. M indicates the DNA marker ladder. On the left are results for 6 mice analysed by the lacZ PCR primers (expected product: 225 bp). On the right are the results for the same 6 mice analysed by primers targeted to endogenous Piezo1 sequence either side of the 39 terminal loxP site (expected products: 155 bp without the loxP site; 189 bp with the loxP site). In the gel shown, 3 mice were heterozygous for the construct ( 1/2 ), 2 homozygous ( 2/2 ), and 1 wild type ( 1/1 ). c, Images of example sibling E10.5 embryos. The embryo on the left was Piezo1 1/1 and the embryo on the right was Piezo1 2/2 . Scale bar, 1 mm. d-g, Endothelial-specific modification. d, Example genotyping results for two mice (mouse 1 and mouse 2) both with deletion of the lacZ insert and transmission of Tie2-Cre. Controls for the absence and presence of lacZ, the loxP insert, and Tie2-Cre are included. Successful deletion of the lacZ insert was confirmed by lack of b-galactosidase staining (data not shown). e, Example genotyping results for six sibling embryos analysed with PCR primers spanning the deletion predicted to result from Cre recombinase activity at the loxP sites. The forward primer was 59 of the 59 FRT site illustrated in a and the reverse primer was 39 of the 39 loxP site. The PCR product size after deletion was expected to be 379 bp. The product was detected in embryos 2 and 6. The PCR product was not generated in embryos without the deletion because it was too long to be amplified (4,208 bp). Embryos exhibiting the 379 bp product were designated 'EC-del.' to indicate disruptive deletion in Piezo1 of endothelial cells (ECs). Embryos designated as wild type (wt.) exhibited no 379 bp product and only the 155 bp loxP product (as shown for the 'no loxP insert control' in d). Out of a total of 142 embryos, 57 were EC-del. f, RT-PCR products detecting Piezo1 mRNA in total RNA from sibling embryos (Piezo1 39 PCR primers) (n 5 3, each in duplicate). Piezo1 mRNA was significantly depleted in embryos displaying the 379 bp product described and shown in e. g, Images of example sibling E10.5 embryos. The embryo on the left was wild type and the embryo on the right contained the endothelial-specific Piezo1 deletion (EC-del.). Retarded growth was apparent in EC-del embryos and none of the other embryos. Scale bar, 1 mm. Error bars are s.e.m.
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Extended Data Figure 4 | Piezo1-dependence of shear-stress-evoked Ca 21 events in human endothelial cells and mouse embryonic endothelial cells. a, Example intracellular Ca 21 events evoked by microfluidic shear stress in HUVECs transfected with control siRNA (sc.si.) or Piezo1.si.1 (P1.si.1). Each trace is for 1 cell. In one P1.si.1 cell, transient Ca 21 elevation remained. Such residual events may reflect insufficient Piezo1 depletion in some cells or non-Piezo1 mechanisms. b, Mean data for experiments of the type in a and expanded to paired comparisons of sc.si. and P1.si.1 (n 5 5 each), sc.si. and P1.si.2 (n 5 4 each), vehicle and 2.5 mM GsMTx4 (n 5 3 each). Data were normalized to their respective controls. c, Quantification of Piezo1 mRNA depletion (n 5 4 each) plotted against the inhibition of the intracellular Ca 21 elevations evoked by 20 dyn per cm 2 . Three different Piezo1 siRNAs were compared with their control siRNAs. The Ca 21 data are from the experiments described in b. Sequence details of the siRNAs are provided in Supplementary  Table 3 . d, Mean Ca 21 signals evoked by 20 dyn per cm 2 in non-transfected HUVECs. Measurements were made in standard bath solution without the addition of an inhibitor (no inhibitor) (n 5 8), 10 mM gadolinium chloride (Gd 31 ) (n 5 3), or with Ca 21 omitted from the bath solution (0 Ca 21 ) (n 5 3). e, Ca 21 release evoked by 2 mM thapsigargin (TG) in the absence of extracellular Ca 21 and after transfection with sc.si. or P1.si.1 (20 wells of a 96-well plate each). f, Mean data normalized to sc.si. for experiments of the type shown in e and analysed for the rate of rise of the Ca 21 event evoked by TG (n 5 3 each). g, Similar to b but endothelial cells were from patient liver samples, data were not normalized, and only P1.si.1 was used (n 5 3, 4, 10 and 5 for shear stresses of 5, 10, 15 and 20 dyn per cm 2 ). h, i, Intracellular Ca 21 measurements from mouse embryonic endothelial cells in microfluidic chambers. h, Superimposition of example intracellular Ca 21 events in 2 single cells on different coverslips from Piezo1 1/1 and Piezo1 2/2 sibling embryos. Shear stress was applied at 15 and 25 dyn per cm 2 and then 30 ng ml 21 VEGF was introduced while maintaining shear stress at 25 dyn per cm 2 . i, Mean 6 s.e.m. data for all VEGF-responsive cells studied as exemplified in h (n 5 6 1/1 , 54 cells; n 5 5 2/2 , 42 cells). The same data are summarized in simplified form in Fig. 2a . Error bars are s.e.m. 
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